V entilator-associated pneumonia and sepsis are major causes of death in hospitalacquired infection (1, 2) . A high frequency of pneumonia and bacteremia in patients who have been mechanically ventilated for prolonged periods of time may be caused by multiple factors including an impaired host defense system. Several animal studies have demonstrated that mechanical ventilation with high tidal volume (V T) and zero positive end-expiratory pressure (PEEP) after intratracheal instillation of bacteria causes an increase in bacteremia, suggesting that mechanical ventilation can promote bacterial translocation from the lung into the systemic circulation (3, 4) . One factor that could lead to increased susceptibility to pneumonia and/or bacteremia is the damage to the lung caused by mechanical ventilation-so-called ventilator-induced lung injury. For example, epithelial injury secondary to ventilator-induced lung injury has been described by several groups (5-7), and epithelial injury has been shown to increase susceptibility to bacterial infection.
Mechanical ventilation is often begun in many patients before there is overt evidence of pneumonia and could have an impact on development of infectious complications by affecting several host defense mechanisms. Injurious ventilatory strategies can lead to the release of inflammatory mediators including cytokines. In previous studies, we and others have shown that mechanical ventilation using high V T and zero PEEP resulted in release of tumor necrosis factor (TNF)-␣, a pivotal proinflammatory cytokine, and macrophage inflammatory protein (MIP)-2, a member of the CXC group of chemokines in the lung (8) and systemic circulation (9, 10) . This has led to the concept that mechanical ventilation may affect not only the lung but also cause a systemic inflammatory response (9, 10) . Although the exact role of the cytokine release caused by mechanical ventilation is not yet clear, it has been suggested that early cytokine production is part of a generalized host response, but that excessive release of cytokines may in turn impact on host defense by augmenting inflammation and lead to extensive injury (11, 12) .
The importance of ventilatory strategies on outcome of patients with acute respiratory distress syndrome has been highlighted by the results of the National Institutes of Health-sponsored acute respiratory distress syndrome network trial that observed a 22% decrease in mortality using a low V T ventilatory strategy as compared with high V T (13 an impact on host defense when given for a period prior to the introduction of bacteria in the lung. This would have implications with respect to preventing excessive systemic inflammatory response, distal organ injury, and perhaps death induced by mechanical ventilation. To address this question, we used a rat model of mechanical ventilation followed by installation of bacteria into the lung. We found that ventilation with high V T (21 mL/kg) and zero PEEP increased bacteremia and was associated with a decreased concentration of TNF-␣ and MIP-2, as compared with a group ventilated with low V T (7 mL/kg) and PEEP (5 cm H 2 O).
MATERIALS AND METHODS

Bacterial Preparation
Pseudomonas aeruginosa (ATCC 33358, Rockville, MD) were thawed and cultured overnight (14 to 16 hrs) in full-strength trypticase soy broth (Becton Dickinson, Cockeysville, MD) at 37°C in a shaking water bath to obtain stationary-phase organisms. A 2-mL aliquot of this overnight culture was transferred into 50 mL of full strength trypticase soy broth and incubated at 37°C for 2 hrs to obtain mid-logarithmic phase organisms. A portion (25 mL) of the culture was centrifuged at 800 ϫ g, 4°C for 10 mins. After the supernatant was discarded, the bacterial pellet was resuspended in cold, sterile buffer and washed again at 800 ϫ g for 10 mins at 4°C. The pellet was resuspended in 5 mL of buffer, and adjusted to a stock concentration of approximately 1 ϫ 10 6 colony-forming units (CFUs)/mL of P. aeruginosa in cold sodium phosphate buffer, kept on ice, and mixed (vortex) before use.
Experimental Protocol
The experimental protocol was approved by the Animal Use Committee of the University of Toronto. Fifty adult Sprague-Dawley male rats (Charles River, St. Constant, Quebec, Canada) were anesthetized with an initial intraperitoneal injection of 70 mg/kg ketamine and 25 mg/kg xylazine. An angiocatheter (Angiocath, 14-gauge, Becton Dickinson Infusion Therapy Systems, Sandy, UT) was inserted into the trachea via the mouth, under laryngoscopic guidance. A second intraperitoneal bolus injection of anesthetic (35 mg/kg ketamine and 12.5 mg/kg xylazine) was given for maintenance of anesthesia 2 mins after intratracheal intubation. The rats were then mechanically ventilated using a Harvard Rodent Ventilator (683, Harvard Apparatus, South Natick, MA) with room air using a V T of 7 mL/kg, PEEP 5 cm H 2 O, and respiratory rate 40 breaths/min for 5 mins. Heart rate and arterial oxygen saturation (SaO 2 ) (Pulse oximeter, 8600V, Nonin Medical, Minneapolis, MN) were monitored.
On each experimental day, two rats were randomized to receive one of two mechanical ventilation strategies both using an FIO 2 ϭ 0.4: group 1 (protective) received mechanical ventilation with V T 7 mL/kg, PEEP 5 cm H 2 O, and a respiratory rate of 40 breaths/min; group 2 (injurious) received V T 21 mL/kg, zero PEEP, and a respiratory rate of 40 breaths/ min. The pairing of one rat from each group for these studies was done to ensure that the instilled bacterial numbers would be virtually identical between the two groups.
Upon completion of 1 hr of ventilation, 0.3 mL of 10 6 CFUs/mL P. aeruginosa was instilled into the trachea of the rats, followed by a recruitment maneuver increasing peak airway pressure to 25 cm H 2 O; the rats were then ventilated with a V T of 10 mL/kg and a respiratory rate of 40 breaths/min for 2 mins to maximize distribution of bacteria in the lung. Because no muscle relaxants were used, the rats rapidly (5 to 10 mins) resumed spontaneous breathing after disconnection from the ventilator, before extubation. The rats were then returned to cages with free access to diet and water, and observed for 48 hrs. Animals that survived to 48 hrs were killed under sterile conditions after an overdose of phenobarbital. Arterial blood was collected in heparinized tubes just before kill. The lungs were then excised and the left lung was homogenized for measurement of cytokines and bacterial count; the right lung was fixed with 10% formaldehyde (BDH, Toronto, ON) for histologic examination.
Measurements
Hemodynamics. Because we intended to examine the frequency of bacteremia and mortality at 48 hrs, noninvasive hemodynamic monitoring was required. Thus, we only monitored heart rate and SaO 2 by using a veterinary pulse co-oximeter (Nonin 8600, Plymouth, MN) during the whole ventilation and weaning period.
By study design, the ventilatory variables were adjusted to obtain similar mean airway pressures. Hence, we did not expect any systematic differences in hemodynamics between the two groups. To ensure that there were not large differences in hemodynamics, in a separate set of experiments, we studied four rats to examine the effect of the two ventilatory strategies on hemodynamics. In these studies, the right carotid artery of each animal was cannulated for measurements of arterial pressure and heart rate (Datascope 2001, Datascope, Paramus, NJ). The rats were then intratracheally intubated via the oral route, and mechanically ventilated with a Harvard Rodent Ventilator (683, Harvard Apparatus) using FIO 2 ϭ 0.4; two rats were ventilated with the noninjurious ventilatory strategy and two with the injurious strategy as described above. The animals were then killed.
Ventilatory Variables. SaO 2 was monitored with an oximeter (Nonin 8600). Peak airway pressure and mean airway pressure were transduced from the Harvard Rodent Ventilator (Harvard Apparatus) to a calibrated pressure ventilatory monitor (Rodent Ventilator RV4, Enterprises, Toronto, ON) for real-time monitoring.
Bacterial Counts in Blood and Lung Homogenates. Bacterial counts were performed in the rats that survived for 48 hrs. Briefly, 50-L samples of either blood or lung homogenates were separately diluted in 450 L of normal saline. After mixing, 100 L was plated on a trypticase soy broth agar plate and incubated at 37°C for 24 hrs; the number of CFUs was then counted.
Assays for Cytokines. Blood samples and lung homogenates were centrifuged. The supernatants were used for measurements of cytokines. Commercially available enzymelinked immunosorbent assay kits were used for measurements of rat TNF-␣ and MIP-2 (Cytoscreen, Immunoassay Kit, BioSource International, Camarillo, CA). The detection limit of these specific kits for rat is Ͻ4 pg/mL and Ͻ1 pg/mL for TNF-␣ and MIP 2, respectively. The absorbance of each well was read at 450 nm with an MR 600 microplate reader (Thermonmax-Molecular Devices, Fisher Scientific Instrument, Nepean, ON).
Lung Histology
The lungs were fixed by immersion in 10% buffered neutral formalin and were processed using standard histologic techniques. A pathologist read the morphologic slides in a blinded manner.
Statistical Analysis
The data are expressed as mean Ϯ SE. Statistical analysis was done with analysis of variance followed by Tukey-Kramer test. Bacterial counts were analyzed using nonparametrics methods followed by Kruskal-Wallis test. A p value Ͻ .05 was considered as statistically significance.
RESULTS
The mean body weights were not different in the two groups of rats (304 Ϯ 6 g in the protective group vs. 298 Ϯ 5 g in the injurious group, p ϭ NS). In our pilot study, we used four rats to investigate the mean arterial pressure, heart rate, and mean airway pressure. There were no large differences in mean arterial pressure (120 Ϯ 7 in protective vs. 140 Ϯ (Figs. 1 and 2) , despite a significant difference in peak airway pressure between the two groups over the period of 1-hr ventilation. Because the heart rate, mean arterial pressure, and mean airway pressure were similar between the two ventilation groups as tested in four animals with a tendency to increase blood pressure in the injurious group, we did not study anymore animals with invasive hemodynamic monitoring.
The
5 CFUs/mL in the injurious group). The 48-hr mortality rate was 28% (seven of 25 rats) in the protective ventilatory strategy group and 40% (ten of 25 rats) in the injurious group (p ϭ not significant). Table 1 shows the frequency of positive bacterial culture in lung homogenates and blood from the two groups. The rate of positive bacterial cultures in the lung tended to be lower in the protective compared with the injurious group (56% vs. 67%, p ϭ .059); positive blood cultures were significantly lower in the protective group than in the injurious group (11% vs. 33%, p Ͻ .05). The absolute bacterial counts tended to be lower in the lung (approximately three-fold, p ϭ .067) and were significantly lower in the blood (approximately 60-fold, p Ͻ .05) in the protective ventilatory strategy group than in the injurious group (Fig. 3) .
To investigate local and systemic host defense responses reflected by cytokine production, concentrations of TNF-␣ and MIP-2 in the lung and blood were measured. Lung TNF-␣ levels were not statistically different in the two groups (Fig. 4  A) . Lung MIP-2 levels were higher in the protective strategy group than in the injurious group (Fig. 4 B) . Blood concentrations of TNF-␣ and MIP-2 were both significantly higher in the protective group than in the injurious group (Fig.  4) . The cytokine levels did not correlate with positive cultures.
The gross appearance of histology was not significantly different between the two groups of lungs. Three of ten lungs in the low V T ventilation group and eight of ten lungs in the high V T group showed slight epithelial disruption, edema, or neutrophil infiltrations.
DISCUSSION
A Novel Model of Mechanical Ventilation-Associated Bacteremia
To address whether mechanical ventilation can increase susceptibility to a subsequent bacterial infection, we used a model of mechanical ventilation, followed by bacterial intratracheal instillation. Our model differs from other animal models described previously in which bacteria were injected first, followed by mechanical ventilation (3, 4, 14) . The major finding of the present study is that application of an injurious ventilatory strategy for only 1 hr before bacterial lung instillation can increase susceptibility to bacteremia as reflected by a higher frequency of positive bacterial cultures in blood. This may be associated with depression of host defense mechanisms as reflected by a subsequent lower cytokine response.
If anything, the animals treated with the protective strategy had higher mean arterial pressure; it is thus unlikely that this factor could explain our results. We did not do a power calculation. We thought that very large differences in blood pressure would be needed to (possibly) have an effect on host defense. We decided to prevent this problem by applying ventilatory strategies that had the same mean airway pressure, because this is a major determinant of hemodynamics (15) , all else being equal. As a confirmation, we measured blood pressure in a few animals. These values remained in the normal range, and were certainly not lower in the injurious group, so we did not believe it was necessary to perform further studies to address this. However, there are several limitations in the present model including the limited ventilation period and lack of evaluation of different PEEP levels on the results.
High V T Ventilated Lung Becomes Vulnerable to Bacteremial Challenge
A high V T of 21 mL/kg was selected to ventilate the otherwise normal lungs of the healthy rats in the present study. This was to target a similar peak airway pressure (25 to 35 cm H 2 O), as seen in critically ill patients ventilated with a "conventional" mechanical ventilation. The regional lung distension produced by this V T would be similar as would occur using a V T of 7 mL/kg in patients with acute respiratory distress syndrome who have 2/3 of their lungs not available for ventilation because of consolidation, fluid, etc (16) . Our results are similar to those from studies in which bacterial challenge was followed by mechanical ventilation. In a dog model of Escherichia coliinduced pneumonia at 24 hrs, mechanical ventilation with a V T that was adjusted to reach a transpulmonary pressure of 35 cm H 2 O resulted in an increased positive blood culture and lung injury reflected by histologic alterations (3). In another study using Klebsiella Pneumoniaeinduced pneumonia in rats, Verbrugge et al. (4) reported that mechanical ventilation with peak inspiratory pressures of 30 cm H 2 O and zero PEEP for 3 hrs led to the highest frequency of bacteremia among four different ventilatory strategies. A possible explanation for these studies is that an injurious ventilatory strategy induces lung microvascular injury resulting in pulmonary edema (6) , which leads to a higher lymph flow accelerating bacterial translocation draining via the lymphatics into the blood circulation (17) . Direct translocation of bacteria from lung into the circulation may also contribute to the development of bacteremia. Interestingly, using a model of mechanical ventilation before P. aeruginosa inoculation, we found similar results as in those studies mentioned above using pneumonia models followed by ventilation (3, 4, 17) . Our model included the use of relatively high airway pressures before bacterial instillation; thus, lymph flow would not be increased once the bacteria were inoculated. Thus, our data demonstrate that mechanical ventilation can cause otherwise healthy lungs to become vulnerable to bacterial challenge, contributing to bacteremia.
Our data demonstrate that rats ventilated with high V T and zero PEEP had greater bacterial numbers in the systemic circulation than those ventilated with low V T and PEEP. We wanted to avoid the injury that might occur with atelectasis secondary to anesthesia in these animals. Thus, although there is little evidence to suggest that the lack of PEEP is a significant factor that causes injury in such a model, we thought that there would not be any great injury with this low level of PEEP. Thus, we opted to use it because we wanted to keep mean airway pressure similar in the two groups.
Several mechanisms may be responsible for the increased susceptibility to bacterial instillation observed in the high V T group: First, surfactant is believed to have an important role in clearing bacteria such as P. aeruginosa (18, 19) . We have previously shown that an injurious ventilatory strategy similar to the one used in the present study decreases lung compliance, and increases the amount of surfactant large aggregates and total lavage protein suggesting surfactant dysfunction (20, 21) . A second possibility is that the injury to the epithelium of the lung may increase the likelihood of bacterial adherence to the airway (11) . In addition, ventilation itself can result in a widespread destruction of epithelial cells leading to denudation of basement membranes and severe damage in the alveolarcapillary barrier (5-7). This barrier membrane destruction may result in bacterial translocation from the lung into the systemic circulation (22) . The third possibility may be related to the effect of the high V T strategy on development of lung injury-perhaps related to increased lung permeability (23, 24) . For example, our results are in agreement with those reported by Johanson et al. (24) showing that preexisting lung injury induced by exposure to hyperoxia promoted P. aeruginosa translocation from the lung into the bloodstream in hamsters. Taken together, we think that the increased risk is likely related to the degree of overdistension with the large V T and to the recruitment/decruitment that occurs with zero PEEP.
Cytokine Responses Were Depressed in High V T Ventilated Rats in the Presence of Bacteria
Bacteria or bacterial byproducts such as lipopolysaccharide are known to stimulate cytokine production by various cells or tissues (25) . Several studies have also reported that injurious mechanical ventilation increases cytokine production by the lung (8 -10) . One might then expect that the higher rate of positive bacterial culture or the increased bacterial number observed in the high V T group would be associated with an increased cytokine production. Our results revealed the opposite: although a greater bacterial number was found, the blood TNF-␣ concentrations and MIP-2 concentrations, both in the lung and blood, were lower in the rats that were exposed to the high V T ventilation than those who ventilated with low V T strategy. Several mechanisms may be involved: first, the cytokine levels we measured were obtained 48 hrs after mechanical ventilation. In all of the studies that we are familiar with, cytokine levels were measured much sooner after the injurious mechanical ventilation period (3, 4) , so the results are not directly comparable. Second, less animals in the injurious group reached the 48-hr end point. To the extent that these animals would have had the highest cytokine concentrations, we would have an underestimate of cytokine levels because of this drop-out. Third, cytokine degradation is susceptible to proteases released from bacteria and injured cells. For example, both alkaline protease and elastase released from P. aeruginosa are able to degrade TNF-␣ and interferon-␥ (26). Moreover, van Kessel et al. (27) reported that TNF-␣ could be degraded by proteolytic enzymes released from activated neutrophils. Fourth, the injurious ventilatory strategy may have impaired the function of phagocytes such as alveolar macrophages (28) , although this was not examined in the present study. Finally, the bacterial/cytokine interaction is a complex one with many caveats. Some investigators have demonstrated that systemic infection or bacteremia is enhanced by neutralization of interferon-␥ or TNF-␣ in mice (29) , suggesting that these cytokines may have direct or indirect antimicrobial effects. However, other researchers have reported increased growth of bacteria by cytokines in ex vivo studies (30, 31) . It seems that this may be attributable to a U-shaped dose-response curve, with the specific response (decreased or increased growth) dependent on the location in the dose-response curve. Our results are in agreement with the data reported in in vivo mice models (29) reflecting an overall systemic response to bacteria and bacterial products.
Our results have potential clinical implications if these results can be extrapolated to humans. They would suggest one mechanism for the high frequency of ventilator-associated pneumonia in ventilated patients and would also suggest that the use of a protective ventilatory strategy could potentially mitigate this complication of ventilation, and could decrease the prevalence of septicemia, and possibly death.
In conclusion, the use of an injurious ventilatory strategy may lead to altered host defense, manifest by an increased predisposition to subsequent bacteremia. Whether this increased bacteremia is caused by, or leads to, decreased cytokines is as yet undetermined. 
